Purpose: Antiandrogens are routinely used in the treatment of prostate cancer. Although they are known to prevent activation of the androgen receptor (AR), little is known about the mechanisms involved. This report represents the first study of the localization of wild-type AR following expression at physiologic relevant levels in prostate cells and treatment with androgen and antiandrogens.
INTRODUCTION
Prostate cancer is the most commonly diagnosed male cancer in the United States and the second leading cause of male cancer death (1) . Prostate growth is initially androgen dependent; thus, treatment involves reducing circulating androgen levels using leuteinizing hormone-releasing hormone analogs and opposing androgen action using antiandrogens. Little is known about how antiandrogens elicit their effects, although they act at the level of the androgen receptor (AR), which mediates the effects of all androgens including the major circulating androgen testosterone and the more potent dihydrotestosterone (DHT).
The AR is a ligand-dependent transcription factor, closely related to the other steroid receptors, whose cellular localization patterns are diverse. Unliganded progesterone receptor is mainly cytoplasmic, whereas unliganded estrogen receptor is predominantly nuclear, but both shuttle between the cytoplasm and nucleus (2, 3) . Conversely, unliganded glucocorticoid receptor resides entirely in the cytoplasm (4) . There is controversy concerning the localization of unliganded AR: different groups have reported predominantly cytoplasmic or nuclear localization (5) (6) (7) (8) (9) . The current consensus is that unliganded AR resides largely in the cytoplasm, complexed with heat shock proteins (10) . On binding androgen, the AR is believed to dissociate from heat shock proteins, dimerize, translocate into the nucleus, and bind to androgen response elements, from which it promotes the transcription of androgen-regulated genes.
Antiandrogens bind to the AR but do not promote androgen-dependent gene transcription. It is unclear which steps in the AR signaling pathway are blocked by antiandrogens, and it was long thought that they simply competed with the ligand for binding to the AR or prevented nuclear import of the receptor. Although these factors may contribute to the overall effect of the drugs, they do not account for all their actions. In some systems antiandrogens have been shown to promote AR nuclear import and even DNA binding while still inhibiting androgen-responsive gene transcription (5, 6, 11, 12) . Using reporter assays, several groups have shown partial AR activation in the presence of the therapeutic antiandrogens hydroxyflutamide (OHF) and cyproterone acetate (CPA), thus these are termed partial antagonists. Bicalutamide (BIC), beginning to be widely used in prostate cancer therapy, is thought to be a pure antagonist because no transactivation has yet been reported in its presence.
It is necessary to study how antiandrogens exert their effects to understand why hormone therapy for prostate cancer, while initially successful, inevitably fails. Investigations into the mechanism of action of antiandrogens in prostate cancer have been hampered by a lack of relevant cellular models for the disease. Previous studies have used transient overexpression of the AR (frequently tagged with other moieties, such as green fluorescent protein) or the LNCaP cell line, which has a mutated AR that affects translocation in the presence of antiandrogens (13) . Here, we use a PC3 prostate cancer cell line that has been stably transfected with wild-type AR (PC3wtAR) to express homogenous levels of AR protein similar to the endogenous levels in target cells (14) . Using a cell fractionation procedure, we have separated PC3wtAR cells into subcellular compartments including the cytoplasm, nucleus, and nuclear matrix (NM) and demonstrate for the first time alternative subnuclear and subcytoplasmic compartmentalization of wild-type AR after treatment with androgens and antiandrogens in a prostate cancer cell line.
MATERIALS AND METHODS
Cell Culture. PC3wtAR (14) and LNCaP cells (American Type Culture Collection, Manassas, VA) were cultured in RPMI 1640 (Sigma, St. Louis, MO) supplemented with 100 units/mL penicillin, 0.1 mg/mL streptomycin, 2 mmol/L glutamine (Sigma), and 10% fetal bovine serum (Labtech International, Sussex, United Kingdom). PC3wtAR medium was supplemented with 4 g/mL Geneticin (Life Technologies, Inc., Rockville, MD). COS-1 cells were cultured in DMEM medium (Sigma) supplemented with penicillin, streptomycin, glutamine and serum as above. Culture in androgen-free conditions was carried out in "starvation media": phenol red-free RPMI or DMEM (Invitrogen, Carlsbad, CA) supplemented as above but with charcoal-stripped fetal bovine serum (Globepharm Surrey, United Kingdom).
Before in situ cell fractionation, PC3wtAR and LNCaP cells were grown to 60% confluence, washed three times in PBS (Sigma), and cultured in starvation medium for 24 hours. Cells were dosed with 10 Ϫ8 mol/L of the DHT analog mibolerone (MB; Perkin-Elmer, Fremont, CA) or 10 Ϫ6 mol/L antiandrogens [CPA (Sigma), OHF (Schering-Plough Hertfordshire, United Kingdom), or BIC (AstraZeneca, Cheshire, United Kingdom)] for 2 hours. For reversibility experiments, cells were grown and treated with antiandrogens and then washed three times in PBS, and fresh starvation medium was added, containing either 10 Ϫ8 mol/L MB or an equal volume of vehicle (EtOH), for 4 hours. For studies inhibiting the cytoskeleton and ATP hydrolysis, cells were treated with either 1 nmol/L cytochalasin D (Sigma) or 100 ng/mL nocodazole (Sigma) for 15 minutes or with 1 nmol/L oligomycin (Sigma) for 1 hour before treatment with ligand for an additional 2 hours. These treatments retained cell viability.
Transfection of COS and PC3wtAR Cells. Cells were grown in 24-well plates to 40% confluence, washed three times in PBS, and incubated in starvation medium for 24 hours. COS cells were transfected with 50 ng of pSG5-AR per well using FuGENE 6 (Roche, Mannheim, Germany) according to the manufacturer's instructions. Transfection efficiency was estimated after 48 hours by immunofluorescent labeling of the AR. PC3wtAR cells were transfected with 125 ng of mouse mammary tumor virus-LUC reporter (15) per well using FuGENE 6, grown for an additional 12 hours, and then treated for 48 hours with either 10 Ϫ8 mol/L MB or 10 Ϫ6 mol/L antiandrogen. Luciferase activity was measured using the LucLite luciferase assay kit (Packard Bioscience, San Diego, CA). Each treatment was assayed in quadruplicate, and data are shown Ϯ SD.
In situ Cell Fractionation. In situ cell fractionation was carried out immediately after incubation with ligand using a method modified from Staufenbiel and Deppert (16) . Briefly, cells were incubated with the following buffers, and each was retained for immunoblotting: (a) wash buffer, 10 mmol/L MES (pH 6.3), 10 mmol/L NaCl 2 , 1.5 mmol/L MgCl 2 , 10% glycerol, and 5 L/mL mammalian protease inhibitor mixture (Sigma); Immunoblot Analysis. Cell pellets were solubilized in urea buffer to give whole cell lysates. For these and cellular fractions, protein concentration was determined using Bradford reagent (Bio-Rad, Hercules, CA), and equal amounts of total protein were loaded. Samples were separated by SDS-PAGE and transferred onto nitrocellulose membrane (Bio-Rad) before probing for AR using either PG-21 antibody (Upstate Biotechnology, Lake Placid, NY) or AR441 (Dako Cytomation, Copenhagen, Denmark). Control blots were probed with anti-actin (Sigma), anti-Hsp60 (Stressgen, San Diego, CA), anti-poly-(ADP-ribose) polymerase (PARP; Santa Cruz Biotechnology, Santa Cruz, CA), or anti-lamin B (Santa Cruz Biotechnology). Blots were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (Dako Cytomation) diluted 1:1,000 and visualized using ECL-Plus (Amersham Biosciences).
Immunofluorescence. Cells were grown on sterile glass coverslips in 24-well plates to 30% confluence in RPMI 1640 and washed three times in PBS, and starvation medium was added for 24 hours. They were then dosed with either 10 Ϫ8 mol/L MB or 10 Ϫ6 mol/L antiandrogen for 2 hours, washed three times in PBS, and fixed in methanol at Ϫ20°C for 10 minutes. Before probing with a primary antimouse or antirabbit antibody, cells were treated with 10% whole goat serum (Dako) in PBS for 30 minutes; for primary antigoat antibodies, 10% whole rabbit serum (Dako) was used. Mouse anti-Hsp60, anti-PARP, and anti-actin antibodies and rabbit anti-transferrin (Abcam, Cambridge, United Kingdom), anti-albumin (Sigma), antiHsp90 (Santa Cruz Biotechnology), and anti-manganesebinding superoxide dismutase (MnSOD) antibodies were applied (1:200) to the cells in 10% whole goat serum; goat anti-lamin B and anti-GRP 78 antibodies (Santa Cruz Biotech-nology) were applied (1:200) in 10% whole rabbit serum, all for 1 hour. Cells were washed three times in PBS, and 10% whole goat or rabbit serum was applied for 15 minutes before incubation with a fluorescein isothiocyanate isomer I (FITC)-or tetramethylrhodamine isothyocyanate-conjugated secondary antibody (Sigma) for 1 hours. After five washes in PBS, coverslips were mounted on glass slides with Vectashield containing 4Ј,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA). Slides were visualized on a Zeiss Meta 512 confocal microscope, and an average of 16 images was captured. For reversibility experiments, PC3wtAR cells were grown and treated with antiandrogens and then MB or vehicle, as described previously, before fixing.
Two-Dimensional Gel Electrophoresis. After cell fractionation, each fraction was prepared for two-dimensional gel electrophoresis (2-DE). The nuclear fraction (N; 5 mL) was placed in a 10,000 Da Slide-A-lyzer (Pierce, Rockford, IL) and rotated in 1 liter of dialysis buffer [10 mmol/L MES (pH 6.2), 1.5 mmol/L MgCl 2 , 1 mmol/L EGTA, and 5 mmol/L DTT] for 24 hours at 4°C, with a change of buffer after 8 hours. The C1 (membrane-associated), C2 (cytoplasmic), N (nuclear), NM, and U (9 mol/L urea buffer) fractions were concentrated by adding high-performance liquid chromatography-grade acetone (Sigma) to give at least 80% acetone, inverting the samples several times and incubating them on ice for 30 minutes before collecting the protein pellet by centrifugation (15,000 rpm for 15 minutes). The pellet was air dried and solubilized in a small volume of thiourea lysis buffer [2 mol/L thiourea (Sigma), 7 mol/L urea, 2% (w/v) CHAPS, 1% (w/v) DTT, 4% (v/v) pharmalytes (Amersham Biosciences)]. Before 2D-E, 125 L of concentrated sample was diluted with 125 L of rehydration buffer [8 mol/L urea, 0.5% CHAPS, 0.2% DTT, and 0.2% pharmalyte (pH 3-10)]. The prepared protein samples were applied to 13-cm IPG strips [Amersham Biosciences; pH range, 3-10 (non-linear)] during gel rehydration according to the manufacturer's instructions. Proteins were focused at 350 V for 105 minutes, an increasing gradient from 350 to 3,500 V for 105 minutes, followed by 3,500 V for 17 h. Then, strips were equilibrated in equilibration buffer [1.5 mol/L Tris (pH 8.8) buffer containing 6 mol/L urea, 30% glycerol, 2% SDS, and 0.01% bromphenol blue] with the addition of 1% DTT for 15 minutes. Buffer was replaced by equilibration buffer supplemented with 4.8% iodoacetamide for 15 minutes. Proteins were separated on 12% SDS-PAGE gels, and the gels were fixed in 50% methanol, 10% acetic acid for 2 hours and placed in SYPRO-ruby stain (Bio-Rad) overnight at 4°C. After washing in water for 30 minutes, gels were visualized on a Typhoon 8600 variable mode imager (Amersham Biosciences).
Protein Identification by Mass Spectrometry. Protein spots from each gel were excised using a sterile pipette tip, washed with water and then with 25 mmol/L ammonium bicarbonate and acetonitrile (Rathburn Chemicals, Walkerburn, United Kingdom), and dehydrated for 10 minutes in a speed vac. They were then washed with 25 mm ammonium bicarbonate and acetonitrile again before dehydration. After a 4-hour digestion with trypsin (50 ng; Promega, Madison, WI) in 25 mmol/L ammonium bicarbonate, the peptides were extracted using two washes of 5% formic acid in water. Each extraction was sonicated for 10 minutes, and the pooled extracts were dried down in siliconized tubes. Peptides were then resuspended in 20 L of water, vacuum dried, washed with water, and finally dried completely to remove volatile salts.
Peptide extracts were used for matrix-assisted laser desorption ionization time-of-flight (TOF) or nano-lc quadrupole-TOF mass spectrometric analysis. matrix-assisted laser desorption ionization TOF/TOF mass spectra were recorded with an Applied Biosystems (Foster City, CA) 4700 using ␣-cyano-4-hydroxycinnamic acid [Sigma; 10 g/l in 50% (v/v) acetonitrile and 0.1% (v/v) trifluoacetic acid (Pierce)] as a matrix. Spectra were internally calibrated by the inclusion of 20 fmols of angiotensin 1 (Sigma) or a trypsin autolysis peptide. The peptide masses were searched against the National Center for Biotechnology Information nonredundant database using the Protein Prospector MS-FIT 5 or Mascot 6 programs. One missed cleavage per peptide and an initial mass tolerance of 10 ppm were used in all searches.
Electrospray mass spectra were recorded using a quadrupole-TOF mass spectrometer (Micromass) interfaced to a Dionex nano-lc system. Samples were dissolved in 0.1% formic acid, injected onto a 75 m ϫ 150-mm pepmap column (Dionex), and eluted with an acetonitrile/0.1% formic acid gradient at 200 nl/min. Capillary voltage was set to 3750 V, and data dependent tandem mass spectrometry acquisitions were performed on multiply charged precursors. Proteins were identified by searching National Center for Biotechnology Information database using Protein Prospector MS-TAG or MS-PATTERN programs. Initial mass tolerance was 50 ppm for precursors and 150 ppm for fragment ions.
RESULTS
PC3wtAR Cells Are a Relevant Model for Prostate Cancer. We examined the level of AR expressed in PC3wtAR cells as compared with endogenous AR expression in the LNCaP prostate cell line (13), the T47D breast cancer cell line (17) , and COS cells transiently transfected with wtAR (Fig. 1A) . The expression level of AR in PC3wtAR cells was greater than that in T47D cells and comparable with that in LNCaP cells. As expected, the parental PC3 cells expressed no AR. In this experiment, only 25% of the COS cells were transfected (data not shown), yet levels of AR were comparable with those in LNCaP cells, demonstrating hyperphysiological AR expression in the transfected fraction. Furthermore, immunofluorescent staining showed wide variation in expression levels between the transfected COS cells, whereas PC3wtAR and LNCaP cells were homogenous for AR expression (data not shown). Finally, we confirmed that the AR in PC3wtAR can activate transcription of an androgen-responsive reporter gene in a ligand-dependent manner, demonstrating that the AR is functional in these cells ( Fig. 1B; ref. 14) . In support of this, we have previously demonstrated that the AR in these cells is capable of downregulating endogenous prohibitin protein in response to androgen stimulation, to a similar extent as seen in the LNCaP cell line (18) .
In situ Cell Fractionation Effectively and Efficiently Separates Cellular Compartments of PC3wtAR Cells.
To study the effects of antiandrogens on AR translocation, a sequential in situ cell fractionation procedure was developed. Effective fractionation of the cells was demonstrated by immunoblotting using antibodies to known markers for the cytoplasm, nucleus, and NM ( Fig. 2A) . Results were confirmed using immunofluorescent microscopy on intact cells (Fig. 2B ). Hsp60, a cytoplasmic and mitochondrial protein (19) , was found only in the cytoplasmic fractions (C1 and C2), and confocal microscopy confirmed the absence of any nuclear staining. The nuclear marker PARP (20) was only visible in the nuclear fraction (N) of cells by immunoblotting and was seen to be exclusively nuclear using immunofluorescence. Thus we found no contamination between the cytoplasmic and nuclear fractions. Separation of the NM fraction was confirmed using an anti-lamin B antibody (21) . Some lamin B was also found in the residual 9 mol/L urea buffer fraction (U), demonstrating incomplete solubilization of NM proteins in the NM fraction. Immunofluorescence confirmed lamin B staining in the nuclear lamina and nuclear speckles of PC3wtAR cells. The in situ cell fractionation method is reported to be exhaustive for each fraction while retaining the cellular architecture (16) . By confocal microscopy, we were able to confirm the complete removal of our markers (Hsp60, PARP, and lamin B) after the relevant fractionation step, confirming that each buffer removes the appropriate fraction from the cells while leaving subsequent fractions intact (data not shown).
Characterization of PC3wtAR Subcellular Fractions. To place the AR in a defined context within each subcellular fraction, the protein-rich fractions (C1, C2, N, NM, and U) were separated by 2-DE, and major protein features were selected for sequencing by mass spectrometry. After identification of proteins, the subcellular localization and basic function of each were determined from the current literature and are shown in Table 1 . Many of the proteins appearing in C1, the membraneassociated fraction, were also found in the cytoplasmic fraction (C2). Similarly there was a high degree of crossover between the NM and 9 mol/L urea (U) fractions. These areas of overlap had already been suggested by the localization of Hsp60 and lamin B (Fig. 2) . Known secreted proteins such as transferrin (22) and calumenin (23) were identified solely in C1. The cytoplasmic fraction C2 contained known cytoplasmic proteins such as pyruvate kinase (24) , chaperonin-containing t-complex polypeptide-1␤ (25) , and glucose-regulated protein 78 (GRP78; an endoplasmic reticulum chaperone protein; ref. 26). The nuclear fraction (N) contained polypyrimidine tract binding proteinassociated splicing factor and nucleolin, proteins involved in transcriptional regulation and RNA maturation (27, 28) , as well as structural proteins. The NM and U fractions contained proteins found in the cell cytoskeleton and intermediate filaments, such as actin (29) , myosin (30), keratins (31, 32) , and vimentin (32), as well as classical NM proteins such as lamins (21) and heterogeneous nuclear ribonucleoprotein H (33) .
Immunofluorescent microscopy was used to confirm the localization of some of the identified proteins (Fig. 3) . Actin, identified in the C1 and U fractions, can be seen at the periphery of the cells as well as throughout the cell. Transferrin was identified in the membrane-associated cytoplasmic C1 fraction and can be seen both in the cytoplasm and associated with the cell membrane. GRP78 was present in the membrane-associated and cytoplasmic fractions. Confocal microscopy supports this, although some GRP78 can also be seen in nuclear speckles. hSP90 was confirmed in the cytoplasm and excluded from vacuoles, and small amounts could also be seen in the nucleus. MnSOD (34) was sequenced from the membrane-associated fraction, although confocal microscopy places the majority in the mitochondria. Immunoblotting confirmed that MnSOD is present in the C2 fraction as well as the C1 fraction but was not selected for sequencing (data not shown). Albumin (35) was found throughout the cytoplasm, with stronger staining detected at the cell periphery, supporting its identification in the C1 and C2 fractions. Large nuclear albumin speckles were also seen, in agreement with its presence in the 9 mol/L urea (U) fraction.
Androgens and Antiandrogens Can Target Androgen Receptor to Different Subcellular Compartments. The localization of AR in response to ligands was investigated. Cells were treated with the DHT analog MB or vehicle for 2 hours and then subjected to cell fractionation and immunoblotting for AR (Fig. 4, top panel) . These results were supported by immunofluorescence studies (Fig. 4, bottom panel) . In cells treated with vehicle, unliganded AR was found predominantly in the cytoplasm with a small amount present in the nucleus (Fig. 4A ). This may be unliganded nuclear AR, or low levels of residual androgens in the media may result in some AR targeting to the nucleus. Conversely, in cells treated with MB, the liganded AR was found predominantly in the nucleus (Fig. 4B) .
We next examined AR targeting by antiandrogens in PC3wtAR cells treated with 10
Ϫ6 mol/L antiandrogens for 2 hours (Fig. 4CϪE) . In cells treated with OHF or BIC, the AR localized largely to the NM and cytoplasmic fractions (Fig. 4C  and D) . After treatment with CPA, some nuclear localization of AR was seen, although the majority was retained in the cytoplasmic and membrane-associated fractions (Fig. 4E) . These results were supported by immunofluorescence studies (Fig. 4,  CϪE, bottom panel) , in which FITC-labeled AR was diffuse in the cytoplasm of cells treated with BIC and OHF but could also be seen in a distinct ring surrounding the nucleus (Fig. 4C ) or in nuclear speckles (Fig. 4D) , and CPA-treated cells showed the majority of fluorescence in the cytoplasm (Fig. 4E) .
Androgen Receptor Translocation after Treatment with Antiandrogens Can Be Reversible. To determine whether AR binding to the NM and membrane-associated cytoplasmic fraction is reversible, PC3wtAR cells were treated first with antiandrogen for 2 hours and then washed before adding either MB or vehicle for an additional 4 hours before cell fractionation or immunofluorescence. Treatment of cells first with OHF or BIC, followed by vehicle or MB, revealed that the AR was able to relocate to either predominantly the cytoplasm (Fig. 4C and D, i compared with A) or the nucleus (Fig. 4C and  D, ii compared with B) , respectively, demonstrating that antiandrogen-induced binding of AR to the NM is reversible. When cells were treated with CPA followed by vehicle, the majority of AR moved from the C1, C2, and N fractions to the cytoplasmic C2 fraction, similar to results seen with treatment with vehicle alone (Fig. 4E, i compared with B) . However, when cells were treated with MB after CPA treatment, some of the AR was able to relocate to the nucleus, but a large proportion of it remained in the cytoplasm (Fig. 4E, ii) , demonstrating that AR translocation after treatment with CPA is only partially reversible.
Androgen Receptor Translocation Requires ATP and the Cytoskeleton. To assess whether AR translocation in response to antiandrogens is an active process, PC3wtAR cells were treated with the ATPase inhibitor oligomycin before hormone treatment and fractionation (Fig. 5A) . The AR was found in the cytoplasm after treatment with vehicle, androgen, or antiandrogens, suggesting that ATPase activity is essential for all AR translocation. When actin polymerization was inhibited using cytochalasin D (Fig. 5B) , the AR was unable to translocate to the nucleus after treatment with androgen, in agreement with previous work by Ozanne et al. (36) . Antiandrogens were also unable to promote AR translocation after cytocholasin D treatment. Inhibition of tubulin polymerization using nocodazole (Fig. 5C ) permitted limited AR translocation: in cells treated with MB, CPA, and OHF, AR was found in the NM as well as in the cytoplasmic fraction. However, in BIC-treated cells, AR remained completely cytoplasmic.
DISCUSSION
The vast majority of prostate tumors (primary and metastatic) retain AR expression, so a cell line expressing wild-type AR would be most representative of the disease. However, prostate tumor cells generally lose expression of the AR gene after a few days in culture. The only widely available, immortal, AR-positive prostate cancer cell line, LNCaP, has a threonine to Fig. 3 Cellular localization of a selection of proteins identified by 2-DE. PC3wtAR cells were grown to 30% confluence and fixed before probing with antibodies to actin, transferrin, GRP78, Hsp90, MnSOD, and albumin at a dilution of 1:200. Goat antimouse FITC-labeled antibody or rabbit antigoat tetramethylrhodamine isothyocyanate-labeled antibody was used to visualize the proteins (green). The nucleus was visualized using DAPI (blue). Scale bars, 10 m. Whereas this mutant receptor remains responsive to androgens, it is also activated by estradiol and several antiandrogens, and the mutation appears to affect nuclear translocation of the receptor (8, 13), hence LNCaP cells are not optimal for studying antiandrogen action. An alternative is to use AR-negative cell lines transiently transfected with wild-type AR. However, this introduces possible artifacts due to overexpression and wide variation in levels within the transfected cell population. Previously, the speed and degree of ligand-dependent AR translocation have been shown to be highly dependent on cell type and AR expression level, with different groups reporting either complete or incomplete translocation (5-9). Here we are using PC3 cells, an AR-negative prostate cancer cell line, which has been stably transfected with wild-type AR. These cells homogenously express levels of AR comparable with LNCaP cells, and the receptor translocates from the cytoplasm to the nucleus on addition of ligand. Reporter assays demonstrated that the AR is functional, and furthermore, it is able to mediate down-regulation of an endogenous target protein (18) . We believe therefore that these cells represent a relevant model in which to study AR activity in androgen-sensitive prostate cancer.
To determine categorically the cellular compartment to which AR translocates in response to different treatments, we modified a protocol to fractionate the cells into two cytoplasmic fractions (the first containing the majority of membrane-associated proteins), a nuclear fraction and a NM fraction (16) . This enabled us not only to determine the subcellular localization but also, for the first time, to localize the AR into subcytoplasmic and subnuclear fractions. In cells treated with the nonsteroidal antiandrogens BIC and OHF, roughly equal amounts of AR protein were found in the NM fraction and the cytoplasm, with a relatively very small amount in the nucleoplasmic fraction. Conversely, the steroidal antiandrogen CPA did not target AR to the NM. In CPA-treated cells, the bulk of AR was found equally divided between the two cytoplasmic fractions, with a small amount in the nuclear fraction. Previous studies using transiently transfected COS and prostate cells reported antiandrogens targeting AR to the nucleus (5-9), whereas we see only a small fraction of AR in the salt-soluble nuclear fraction. We believe this is partly because our method separates nuclear and NM proteins, which were previously treated as a single cellular compartment. We show that all antiandrogens tested retain AR in the cytoplasm of PC3wtAR cells to varying degrees. The retention appears to be greater than that in transiently transfected cells (6, 7, 9) . We propose that this partial cytoplasmic retention may be a more accurate reflection of the movement of endogenous AR and that complete nuclear translocation in the presence of antiandrogens in transfected cells could be an artifact of transient AR overexpression. However, cytoplasmic retention is not the only mechanism of action of these antiandrogens. The appearance of a substantial fraction of AR in the NM in the presence of OHF and BIC shows that another mechanism must also be occurring by which AR activity is inhibited by these compounds, which may involve a specific AR conformation or specific cofactors. Masiello et al. (12) demonstrated that even when BIC-occupied AR is bound to DNA, it is inactive, presumably due to alterations in cofactor recruitment. It is possible that the NM-associated AR may represent AR in such inactive complexes, whereas AR in the nuclear fraction is active. Alternatively, the small amount of AR seen in the nuclear fraction may represent the inactive DNA-bound fraction seen by Masiello et al. (12) . Additional studies will determine whether there are differences in the proteins bound by AR between the nuclear and NM fractions.
In the presence of CPA, a larger proportion of total AR is nuclear, but because CPA has been shown to have partial agonist activity on wild-type AR, this may represent active receptor (13) . In support of this, we carried out in situ cell fractionation of the LNCaP cell line and found that a relatively much greater proportion of AR is nuclear in these cells in the presence of OHF and CPA (approximately 30%). 7 This is unsurprising because both CPA and OHF are able to activate the AR T877A mutant found in LNCaP cells to almost the same 7 H. Whitaker, S. Gamble, C. Bevan, Unpublished results. degree as ligand (13) . Hence, in situ cell fractionation can identify active AR in the nuclear fraction irrespective of whether this is wild-type AR activated by androgen binding or mutant AR aberrantly activated by alternative ligands. Whereas AR targeted to the NM by OHF and BIC was able to relocate to the nuclear fraction on subsequent treatment with ligand, the same was not true for the cytoplasmic CPA-bound AR. Although CPA has a higher relative binding affinity for AR than OHF and BIC, this is only in the order of 4-fold (13); hence, it is unlikely to explain the observed difference in reversibility. Furthermore, CPA is clearly able to dissociate from the receptor because the AR seen in the C1 and nuclear fractions in the presence of CPA efficiently moves into the cytoplasm (C2) after subsequent EtOH treatment, and it is only movement from the cytoplasm into the nucleus on androgen treatment that appears to be inhibited. The mechanism of this cytoplasmic retention is unclear, but this observation suggests that a major mechanism of CPA action may be preventing AR translocation to the nucleus.
Despite androgens and antiandrogens working via different mechanisms, it would appear that they all require ATPase activity and an active cytoskeleton. After ATPase inhibition, AR was unable to translocate from the cytoplasm to any other fraction. This may reflect loss of ligand binding because the ATPase activity of the heat shock protein complex is thought to be required for opening and maintaining an active ligand binding pocket (10) . Alternatively, ATPase inhibition could trap the AR in an inactive complex by preventing dissociation of heat shock proteins. Previously, it was shown that liganded glucocorticoid receptor binds to the NM by default and that ATP is necessary for subsequent translocation to the nucleus (37) . However, in the presence of oligomycin, little AR was seen in the NM fraction; hence, AR movement to the NM appears to be an energy-dependent process. Actin polymerization, previously shown to be essential for androgen-induced AR translocation via its association with filamin (36) , is shown here to also be required for AR translocation in response to antiandrogens. The importance of the cytoskeleton was also demonstrated by inhibition of tubulin polymerization. This permits AR translocation to the NM fraction (but not the nucleus) when cells are treated with agonist (MB) or the partial antagonists CPA and OHF, but not the pure antagonist BIC, suggesting that both inhibition by BIC and activation by ligand involve association with tubulin and the cytoskeleton. The 2-DE of the NM and 9 mol/L urea fractions identified a high proportion of structural proteins including actin and myosin.
Our results, together with those of Dotzlaw et al. (38) , who showed that CPA but not OHF or BIC promoted the recruitment of corepressors to the AR, demonstrate that different therapeutic antiandrogens act via differing mechanisms. We show that OHF and BIC cause reversible AR translocation to the NM, possibly by different processes, whereas CPA may act by nonreversible sequestration of AR in the cytoplasm. This is the first evidence for alternative localization of the AR after treatment with different antiandrogens in prostate cancer cells. It is vital to understand how antiandrogens exert their effects to understand why antiandrogen treatment inevitably fails. One potential mechanism is mutation of the AR itself, which is estimated to occur in 20% to 40% of cases of advanced prostate cancer and increases in incidence in hormone-refractory disease (reviewed in ref. 39 ). In some cases, the mutations allow the AR to become activated by adrenal androgens, estrogen, and antiandrogens, providing a mechanism for AR-dependent growth in the absence of gonadal androgens and presence of antiandrogens (13, 40, 41) . In around 30% of advanced prostate cancers, AR levels appear to be amplified (39) , which may result in AR antagonists acting as weak agonists (42) . However, the majority of tumors continue to express normal levels of wild-type AR but still recur on antiandrogen therapy, suggesting that whereas AR signaling is still required for growth, the inhibitory action of the antiandrogen has been circumvented by other means. These could include alterations in levels or activity of proteins involved in localization of the AR in response to antiandrogens or maintaining it in an inactive state. Our studies show that these mechanisms (and thus perhaps the proteins involved) differ for different antiandrogens. This may prove significant for the future treatment of prostate cancer patients with these ligands, possibly providing the basis for a rational sequence of antiandrogens in treatment, thus prolonging the relapse-free period and life expectancy. This has already been established in breast cancer, in which treatment with the antiestrogen faslodex after a patient has relapsed on tamoxifen leads to clinical benefit in around 40% of patients (43) . Although treatment with a second antiandrogen after one has failed is not common practice in prostate cancer therapy at present, our study suggests that, for instance, failure of flutamide therapy may not preclude a response to cyproterone acetate. We have also shown that the PC3wtAR cell line is an effective model for investigating antiandrogens, providing new avenues to investigate the mechanism of androgen resistance in prostate cancer.
